Westwood M, Maqsood AR, Solomon M, Whatmore AJ, Davis JR, Baxter RC, Gevers EF, Robinson IC, Clayton PE. The effect of different patterns of growth hormone administration on the IGF axis and somatic and skeletal growth of the dwarf rat. Am J Physiol Endocrinol Metab 298: E467-E476, 2010. First published October 27, 2009 doi:10.1152/ajpendo.00234.2009.-Normal childhood growth is determined by ultradian and infradian variations in GH secretion, yet GH treatment of children with short stature is restricted to daily fixed doses. We have used GH-deficient dwarf rats to determine whether variable GH dose regimens promote growth more effectively than fixed doses. Animals were treated with saline or 4.2 mg of recombinant bovine GH given as 1) 700 g/wk in 100 g/day doses, 2) alternating weekly doses of 966 (138 g/day) or 434 g (62 g/day), or 3) 700 g/wk in randomized daily doses (5-250 g/day). Body weight and length were measured weekly. Femur and tibia lengths and internal organ, fat pad, and muscle weights were recorded at the end of the study (6 wk); blood was collected for IGF axis measurements. GH promoted femur [F(3,60) 60) ϭ 6.70, P Ͻ 0.05] levels. IGF-I levels correlated with final weight (r ϭ 0.45, P Ͻ 0.05) and length (r ϭ 0.284, P Ͻ 0.05) in the whole cohort, but within each group, growth parameters correlated with serum IGF-I only in animals treated with random GH doses. The variable regimens promoted femur length (P Ͻ 0.05) and muscle (P Ͻ 0.05) and kidney (P Ͻ 0.05) weight more effectively than treatment with the fixed regimen. This study demonstrates that aspects of growth are improved following introduction of infradian variation to GH treatment in a GH-deficient model. The data suggest that varying the pattern of GH doses administered to children may enhance growth performance without increasing the overall GH dose.
GROWTH HORMONE (GH) is the major regulator of postnatal body growth (46) . Consequently, GH deficiency (GHD) during childhood results in severe growth retardation and, if untreated, marked impairment of adult height. Therefore, children with GHD are offered replacement therapy, and, if given in accordance with the published guidelines of 25-50 g·kg Ϫ1 ·day
Ϫ1
(31), many achieve an adult height within the normal range. However, this is not always the case; in a group of children with idiopathic GHD, treatment with biosynthetic GH resulted in a mean height standard deviation score of Ϫ0.7, which was 0.45 SD less than the parental target height of Ϫ0.25 (7) . GH is also used in the management of other growth problems, for example, in idiopathic short stature and Turner syndrome. Overall, therapy is advantageous, but in these groups there is also considerable variability in the response to GH, and some children remain short even with treatment (33) . Thus these studies demonstrate that although GH administration is beneficial for some children, the therapeutic potential of GH is not fulfilled in all patients.
Current treatment regimens are based on daily injections of GH at a constant dose determined by body weight or surface area. However, this mode of administration may hamper the efficacy of treatment since it does not mimic the physiological profile of GH secretion, which varies considerably; levels fluctuate within 1 day (ultradian rhythms) (27) and also, as shown by our previous work, from day to day and over weeks and months (infradian rhythms) (55) . Our analysis of childhood growth in relation to urinary GH excretion (as a surrogate for daily GH secretion) over the same time period suggests that the amount of GH is only one determinant of growth velocity. Other attributes of GH output are also important since the relationship between the pattern of growth and GH production is best described by an asymptotic function (28) . Hence, there is a rapid increase in growth rate as GH secretion increases from very low levels, but thereafter, large changes in GH have a much smaller influence. We also found that the variation in GH output that occurs throughout the year is positively correlated with height (28) , implying that large changes in GH output from week to week are associated with tall stature, whereas short stature is linked to less variation in GH production. Moreover, changes of constant magnitude were correlated with growth rate such that tall children with a high growth velocity had large but constant changes in GH. Further analysis revealed that an irregular temporal pattern to the changes in GH also contributed to good growth (29) . Taken together, our data suggest that to optimize growth, GH replacement therapy should be tailored to mimic the underlying variability in normal GH output. Therefore, in this study we have used a rat model of GHD to investigate whether administering GH by a regimen that more closely imitates the natural infradian rhythms in GH release will promote growth more effectively than schedules based on a fixed GH dose. Our data demonstrate that, for a given amount of GH, it is possible to improve outcome, as measured by a number of growth parameters, by introducing an element of variability to the pattern of GH delivery.
MATERIALS AND METHODS
Animals and experimental protocol. Two pairs of GH-deficient dwarf rats maintained on a Lewis background (10) were obtained from the National Institute for Medical Research (Mill Hill, London, UK) and bred in Manchester to establish the colony from which the 6-wk-old male rats used in this study (n ϭ 64) were drawn. Animals (8/cage) were housed in temperature-and light-controlled rooms (21-22°C, 12-h light) with ad libitum access to food and water. At the start of the study, rats were randomly allocated to one of four treatment groups (16 animals/group): group 1, daily subcutaneous (sc) injection of 0.9% saline; group 2, daily sc injection of 100 g of recombinant bovine (rb)GH (fixed dose; a generous gift from Monsanto, St. Louis, MO); group 3, daily sc injection of 138 g of rbGH for 1 wk alternated with a daily dose of 62 g of rbGH the following week (square-wave dose); group 4, daily sc injection of rbGH at a dose chosen at random from the following possibilities: 5, 15, 50, 80, 130, 170, or 250 g (random dose). The regimens used in groups 3 and 4 were designed to mimic the features of GH secretion that we have previously identified as being important for growth: overall week-to-week variation (group 3), dose-to-dose variation (groups 3 and 4), and irregularity (group 4). Importantly, however, by the end of the experiment (6 wk) the animals in groups 3 and 4 received the same total amount of GH (4.2 mg) as the rats in group 2. Body weight and length (nose to anus) were measured at the start of the experiment, and thereafter, weight was recorded three times/wk and length (reported as the average of 3 readings/animal) measured weekly. All measurements were performed on conscious animals. Five days before the end of the experiment, all animals were given a single intraperitoneal injection of oxytetracycline (10 mg/kg; Sigma, Dorset, UK) to allow subsequent analysis of bone deposition, and then at 6 wk, all animals were euthanized by carbon dioxide asphyxiation. The wet weight of the retroperitoneal and epididymal fat pads, right gastrocnemius muscle, kidneys, lungs, heart, and liver were recorded for each animal, and the femur and tibia from each hind leg were also collected. The liver and muscle from each animal were flash-frozen in liquid nitrogen and stored at Ϫ80°C for subsequent analysis of gene expression. Blood was harvested, processed, and serum stored (Ϫ20°C) for subsequent analysis of components of the IGF axis. All experimental procedures were performed after review and approval by the Home Office UK and in accordance with the licence granted under the Home Office Animals (Scientific Procedures) Act of 1986.
Bone analysis. The femur and tibia were stripped of all muscle and cartilage, and then the length of each bone was measured using a digital Vernier calliper (accuracy Ϯ 0.1 mm; CamLab). Bone growth during the final week of the study was assessed by analyzing oxytetracycline labeling of the upper growth plate of the right tibia, as described previously (26) .
IGF/IGF-binding protein/acid-labile subunit measurements. Serum IGF-I was measured using a rat/mouse IGF-I two-site immunoenzymometric assay (IDS Diagnostic, Tyne and Wear, UK) in accordance with the manufacturer's instructions. The concentration of serum acid-labile subunit (ALS) was determined using the previously reported radioimmunoassay for rat ALS (4). The serum IGF-binding protein (IGFBP) profile was assessed by our standard protocol of Western ligand blotting with 125 I-IGF-I (20) . The sera from animals within each of the four groups were pooled, and then the four samples were analyzed by Western ligand blot on four separate occasions and the resultant bands semiquantitatively assessed by densitometry.
Analysis of liver and muscle mRNA expression. RNA was extracted from each sample by homogenizing tissue with a TissueRuptor probe (Qiagen) in accordance with the manufacturer's instructions. RNA samples were then pooled according to organ type and treatment group. Five nanograms of total RNA from each pool was reverse transcribed, and then IGF-I, IGFBP-3, ALS, or GH receptor (GHR) mRNA expression was quantified in triplicate by quantitative PCR using 50 -100 ng of cDNA, iQ SYBR Green supermix (BioRad), and a Chromo4 thermal cycler running Opticon 3.1 software (Bio-Rad Ltd); primer pairs are given in Table 1 . Amplification products were electrophoresed on agarose gels and then visualized by ethidium bromide staining. All reactions resulted in a single product of the expected size.
Expression of the genes of interest was quantified relative to the expression of ribosomal protein L13A, which was shown in preliminary experiments to be unaffected by treatment with GH, and subsequently to the control group to generate a fold change in response to GH treatment; an at least twofold change in expression was considered meaningful.
Analysis of STAT5b, suppressor of cytokine signaling 1-3, and cytokine-inducible SH2 protein 1 in liver and muscle. Protein was extracted from each sample by homogenizing tissue (100 mg) in lysis buffer containing protease and phosphatase inhibitors using a TissueRuptor (Qiagen). Samples were then pooled according to organ type and treatment group. Protein from each sample was resolved by SDS-PAGE and transferred to nitrocellulose membranes for Western blotting with antiserum specific for phospho-STAT5 (Tyr 694 ; Cell Signaling Technology), total STAT5b (Zymed Laboratories), suppressor of cytokine signaling (SOCS)1, SOCS2, SOCS3, or cytokineinducible SH2 protein (CIS)1 (AnaSpec). Immune complexes were visualized by probing with a horseradish peroxidase-linked secondary antibody followed by enhanced chemiluminescence.
Statistical analysis. Differences between groups were evaluated using one-way ANOVA with planned contrast analysis of statistically significant parameters [saline vs. GH treatment, fixed vs. variable (square-wave and random doses) GH dose, square-wave vs. random GH dose, fixed vs. square-wave GH dose, and fixed vs. random GH dose]. The reported results include the F ratio (the ratio of systematic variance to unsystematic variance), the degrees of freedom from which it was calculated, and the significance value (1-tailed). The relationships between parameters were investigated using Pearson product-moment correlation coefficient.
RESULTS

Effect of GH treatment on body weight and length.
During the first week of the study, all animals treated with GH gained significantly more weight [F(3,60) ϭ 15.60, P Ͻ 0.05] and length [F(3,60) ϭ 18.15, P Ͻ 0.05] than rats receiving saline (Table 2) , which supports previous data on the short-term (5-to 7-day) treatment of young GH-deficient animals (10, 27) . However, during week 2 the control animals grew more, both in terms of weight and length, than the rats treated with GH (Table 2) , although within the GH-treated animals, the variable GH treatment regimens had a significantly greater effect than the fixed-dose schedule. Similarly, in week 5, saline-treated animals gained significantly more length than GH-treated rats (data not shown), and in general, there was a greater variability in the measurements of length of the control animals compared with those of the GH-treated rats. Consequently, by the end of the study (6 wk of treatment) there was no significant difference in the absolute weight (Fig. 1A) or length (Fig. 1B) of the rats across the four groups. However, the gain in weight by animals treated with GH was significantly greater than in saline-treated rats [F(3,60) ϭ 6.28, P Ͻ 0.05], and treatment with a variable GH regimen was more effective in stimulating weight gain than was administering a fixed daily dose [F(3,60) ϭ 3.87, P Ͻ 0.05].
Effect of GH treatment on the IGF axis. At the end of the study period, the concentrations of serum IGF-I and ALS were measured using rat-specific immunoassays, and the serum IGFBP profile was assessed by Western ligand blot with 125 I-IGF-I. Compared with treatment with saline, administration of GH significantly increased serum IGF-I levels [F(3,60) ϭ 9.18, P Ͻ 0.05]. IGF-I levels were highest in those animals treated with the square-wave GH regimen, and although they were significantly different from the level of IGF-I in sera from rats in the random GH dose group, this increase in IGF-I (35% vs. saline) was similar to that seen in rats treated with a fixed GH dose (21% increase vs. saline; Fig. 2A ). Liver is thought to produce the majority of circulating IGF-I; however, hepatic expression of IGF-I was similar in all four groups (Fig. 3) , as was the expression of GHR mRNA (data not shown), which may suggest treatment-induced downregulation of receptors. GH regulates hepatic IGF-I expression through the interaction of its downstream signaling molecule, STAT5B, with the igf1 promoter. However, Western blot analysis of protein isolated from liver and muscle demonstrated that neither the expression nor activation of STAT5B was consistently altered by any of the GH treatment regimens (data not shown). Similarly, there were no striking differences in the expression of the negative regulators of GH receptor signaling, SOCS1-3 and CIS1, in either the liver or muscle of animals from the four treatment groups (data not shown). were increased by GH treatment, with the greatest effect observed in the animals receiving alternating weekly (squarewave) GH doses compared with the other regimens (Fig. 2C) . However, hepatic expression of IGFBP-3 mRNA did not differ between the groups (Fig. 3) . The intensity of the band representing IGFBP-4 was significantly greater in animals treated with a variable rather than a fixed GH regimen [24 kDa; F(1,12) ϭ 27.89, P Ͻ 0.05]. None of the GH treatment schedules affected the intensity of the band representing IGFBP-1. Analysis of hepatic ALS mRNA suggested that, compared with the saline regimen, expression was increased by GH treatment (Fig. 3) , although the concentration of ALS measured in the serum of each of the four groups of animals was similar (Fig. 4) . Fig. 1 . The effect of different growth hormone (GH) treatment regimens on the weight and length of GH-deficient rats. GH-deficient rats were treated for 6 wk with either 1) 0.9% saline (control), 2) 700 g of recombinant bovine GH (rbGH)/wk administered as a fixed dose of 100 g/day (fixed dose), 3) 966 g of rbGH/wk (138 g/day) alternated with 434 g rbGH/wk (62 g/day, square-wave dose), or 4) 700 g rbGH/wk administered as daily doses of 5, 15, 50, 80, 130, 170, and 250 g, which were given in a random order each week (random dose). There were 16 animals in each group, and the weight (A) and length (B) of each animal was measured at the start of the study and then weekly thereafter. Data are presented as means Ϯ SE. GH-deficient rats were treated with either 1) 0.9% saline (control) or 2) 700 g of recombinant bovine GH (rbGH), administered as detailed in the legend to Fig. 1 . The weight and length (nose to anus) of each animal was recorded at the start of the study and then again after 7 and 14 days of treatment. Gain in weight and length are presented as means Ϯ SE, and 1-way analysis of variance with planned contrasts was used to assess significant differences (P Ͻ 0.05): a GH-treated vs. saline-treated groups; b variable vs. fixed GH treatment groups.
Serum IGF-I levels were correlated with final weight (r ϭ 0.445, n ϭ 64, P Ͻ 0.05) and length (r ϭ 0.284, n ϭ 64, P Ͻ 0.05) when all animals were included in the analysis. However, when each treatment group was considered individually, only the body growth of animals treated with the random GH dose regimen was correlated significantly with serum IGF-I levels (weight: r ϭ 0.587, n ϭ 16, P Ͻ 0.05; length: r ϭ 0.609, n ϭ 16, P Ͻ 0.05).
Variable GH treatment regimens are better than a fixed daily dose of GH at promoting growth of the femur. The lengths of both the femur and tibia were significantly increased by treatment with GH [F(3,60) ϭ 14.67, P Ͻ 0.05, and F(3,60) ϭ 14.90, P Ͻ 0.05, respectively; Fig. 5, A and B] and correlated with serum IGF-I concentrations (femur: r ϭ 0.351, P Ͻ 0.05; tibia: r ϭ 0.297, P Ͻ 0.05). Both variable GH treatment regimens induced better growth of the femur (ϳ2-fold greater gain) than that achieved in animals receiving a fixed dose of GH [F(3,60) ϭ 3.06, P Ͻ 0.05], although length of the tibia did not differ between the three GH treatment groups. Tibial expression of IGF-I, IGFBP-3, and GHR mRNA was similar in saline-and GH-treated animals, and the different GH treatment regimens had no obvious effect on mRNA expression (Fig. 3) . Bone growth during the final week of the study, as measured by oxytetracycline labeling of the proximal tibial growth plate, reflected the gain in body length over the same time period (r ϭ 0.462, P Ͻ 0.05; Fig. 5C ).
Both kidney and muscle respond best to variable GH treatment regimens. None of the GH treatment regimens affected the weight of the heart or either of the fat pads analyzed, although epididymal fat pad weights were correlated with serum IGF-I concentrations (r ϭ 0.267, n ϭ 64, P Ͻ 0.05). GH treatment did increase the weight of the gastrocnemius muscle [F(3,60) ϭ 10.37, P Ͻ 0.05], liver [F(3,60) ϭ 9.30, P Ͻ 0.05], and kidneys [F(3,60) ϭ 2.82, P Ͻ 0.05] (Fig. 6) , and the weights of these organs correlated with serum IGF-I levels (liver: r ϭ 0.497, kidney: r ϭ 0.276; P Ͻ 0.05). In contrast, the weight of the lungs from GH-treated animals was significantly lower than that of rats treated with saline [F(3,60) ϭ 5.81, P Ͻ 0.05; Fig. 6 ]. Further analysis demonstrated that lung weight was affected only by the square-wave GH dose regimen, since the lungs of these animals weighed significantly less than those treated with either the fixed or random GH dose regimen [F(3,60) ϭ 10.69, P Ͻ 0.05, and F(3,60) ϭ 6.20, P Ͻ 0.05, respectively].
Mode of GH administration did not affect liver weight; however, compared with treatment with a fixed dose of GH, both the square-wave and random GH dose regimens increased muscle weight [F(3,60) ϭ 6.55 and 8.24, respectively, P Ͻ 0.05], and the latter also increased kidney weight [F(3,60) ϭ 5.38, P Ͻ 0.05]. Muscle expression of IGF-I, ALS, and GHR mRNA was not affected by GH treatment. IGFBP-3 mRNA levels were lower in animals receiving GH, although the mode of GH administration appeared to have no effect.
DISCUSSION
There is considerable evidence to suggest that the ultradian rhythm of GH is an important determinant of GH action; in response to the prevailing GH-releasing hormone, ghrelin, and somatostatin milieu, the anterior pituitary releases GH in discrete pulses, causing peaks and troughs in GH levels (57) . Analysis of 24-h GH profiles from adults has indicated that peak GH levels influence the concentration of the GH effector hormone IGF-I (35), and in rats the sexual dimorphism in GH secretion parallels the differences in growth rate (36) . Male rats secrete GH in discrete pulses separated by low trough levels and grow at a faster rate than females that exhibit high basal GH levels and less pulsatility. However, little consideration has been given to the significance of long-term infradian variation in GH levels (over days, weeks, and months), although it is known that monthly changes in childhood weight and body mass index correlate with the levels of IGF-I and its main Fig. 2 . The effect of different GH treatment regimens on the serum concentration of IGF-I and the IGF-binding protein (IGFBP) profile. GH-deficient rats were treated for 6 wk, as detailed in the legend to Fig. 1 , and blood was harvested from each animal (n ϭ 64, 16/group) at the end of the study. A: the median (range) IGF-I concentration was determined using a rat-specific immunoassay. B: The IGFBP profile was assessed by Western ligand blot analysis of 2 l of pooled serum with 125 I-IGF-I. Two microliters of human serum and 50 ng of recombinant human IGFBP-3 (rhIGFBP-3) served as positive control samples. The blot depicted is representative of results obtained from 3 independent experiments. Within each experiment, all samples were run on the same gel; however, we have rearranged some lanes (indicated by dotted line) from the resultant image of the autoradiograph in order to present the data in the sequence used to report all other results: control, fixed dose, square-wave dose, and random dose. C: the densitometric analysis (median Ϯ range) of the bands with molecular mass corresponding to IGFBP-3 (44/40 kDa), IGFBP-2 (30 kDa), IGFBP-1 (28 kDa), and IGFBP-4 (24 kDa) is presented. One-way analysis of variance with planned contrasts was used to assess significant (P Ͻ 0.05) differences between the groups: a GH vs. saline treatment; b variable (square-wave and random) vs. fixed GH dose; c random vs. square-wave GH dose.
serum carrier protein IGFBP-3 (23) and that antler growth in deer is associated with GH output over the preceding month (53) . These studies clearly suggest that information of relevance to the growth process can be stored in the infradian pattern of hormone output, and there are now clues to the molecular mechanisms by which this is achieved. Gerbert et al. (24) have demonstrated that the activation of STAT5b, one of GH's key intracellular signaling molecules, is regulated by the temporal pattern of GH stimulation. STAT5b is involved in mediating both the direct and, through its activation of the igf1 promoter (14, 58) , the indirect actions of GH. At the end of our study, expression of STAT5b in both liver and muscle was similar in the four groups of animals, and there were no striking differences in the activation of this signaling molecule.
Previous in vivo work has demonstrated that chronic exposure of rats to GH results in desensitization of the JAK2/STAT5b signaling pathway (22, 44) . This phenomenon has been attributed to GH-induced changes in the expression of the negative regulators of GH signaling, the SOCS, and the CIS proteins (18) . However, in our study, rats treated with GH had SOCS1-3 and CIS expression profiles in both liver and muscle that were similar to rats treated with saline. We did not investigate the expression of the potentially relevant proteintyrosine phosphatases SH2 domain-containing protein tyrosine phosphatase (SHP)-1 and SHP-2 (18), but it is possible that major differences in tissue expression of all of these signaling molecules may not be detectable at the end of a 6-wk exposure to GH.
Comparison of growth in igf1-null mutant mice and GHdeficient animals suggests that the direct actions of GH also contribute to postnatal growth (2); however, the influence of GH patterning on the direct actions of GH has not been explored. Data from studies using hypophysectomized rats suggest that the pattern of GH delivery can influence IGF-I production, because intermittent GH administration was better than continuous GH infusion at increasing serum IGF-I levels (42) . In contrast, experiments with the spontaneous dwarf rat, which is also GH deficient, suggest continuous GH infusion as the more effective stimulant of IGF-I (21). Our study, which used a relatively low total dose of GH to allow a wide range of individual doses in the random regimen, supports the previous finding that GH treatment of GH-deficient dw/dw rats promotes increased serum IGF-I and IGFBP-3 levels (12), although in this regard, neither of the variable GH dose regimens were more effective than the fixed-dose schedule. A clinical study of GH administration to deficient adults found that a twice-daily treatment schedule was better than a single injection at increasing serum IGF-I (40), although data from numerous studies in children demonstrate that circulating IGF-I levels are not affected by the pattern of GH administration (8, 16, 49) . Taken together, these data suggest that serum IGF-I, which is produced primarily in the liver, is more sensitive to the presence rather than the pattern of GH administration (5, 27) . Fig. 4 . The effect of different GH treatment regimens on the serum concentration of ALS. GH-deficient rats were treated for 6 wk, as detailed in the legend to Fig. 1 , and blood was harvested from each animal (n ϭ 64, 16/group) at the end of the study. The ALS concentration was determined using a rat-specific immunoassay and is presented as median and range. One-way analysis of variance with planned contrasts demonstrated that there was no significant difference between the groups. Fig. 3 . The effect of different GH treatment regimens on IGF-I, IGFBP-3, and acid-labile subunit (ALS) mRNA expression by liver, bone, and muscle. GH-deficient rats were treated for 6 wk, as detailed in the legend to Fig. 1 , and the organs and bones were harvested from each animal (n ϭ 64, 16/group) at the end of the study. RNA was extracted from each sample and then pooled according to organ type and treatment group. Total RNA from each pool was reverse transcribed, and then IGF-I, IGFBP-3, or ALS mRNA expression was measured in triplicate. Expression was quantified relative to the expression of ribosomal protein L13A and subsequently to the control group to generate a fold change in response to GH treatment. Data represent the mean expression from multiple independent experiments (liver, n ϭ 4; muscle and bone, n ϭ 2).
Circulating IGF-I exists mostly in a 150-kDa complex with IGFBP-3 and ALS; the latter is produced in the liver and is thought to be regulated by GH. Consequently, children and adults with GH deficiency have reduced serum ALS levels (1, 39), which can be restored by GH therapy. Similarly, GH-deficient dw/dw rats are reported to have 75% less serum ALS than control animals (4), and hepatic ALS mRNA levels are reduced markedly by hypophysectomy (47), although there is still an excess of unbound circulating ALS in these animals (41) . In our study, treatment with GH caused a four-to sixfold increase in hepatic ALS mRNA expression. However, GH did not increase the concentration of circulating ALS, and levels in the 12-wk-old saline-treated and GH-treated animals were similar to levels found in normal rats (4) . Other researchers have also noted a discrepancy between hepatic ALS mRNA and ALS protein levels. In a study of the GH-deficient Snell dwarf mouse (48), the expression of ALS protein by the livers of dwarf mice was similar to that of livers from control animals despite significant differences in mRNA levels, which led these authors to speculate that ALS is posttranscriptionally regulated to maintain the protein pool at normal levels. Nonetheless, our study suggests that the pattern of GH exposure is not an important determinant of ALS production.
We did not investigate the effect of the various GH treatment regimens on the level of circulating insulin, because previous Fig. 5 . The effect of different GH treatment regimens on the length of the femur and tibia. GH-deficient rats were treated for 6 wk, as detailed in the legend to Fig. 1 . There were 16 animals in each group, and the length of the femur (A) and tibia (B) measured by digital callipers at the end of the study is presented as median and range. One-way analysis of variance with planned contrasts was used to assess significant (P Ͻ 0.05) differences between the groups: a GH vs. saline treatment; b variable (square-wave and random) vs. fixed GH dose. C: bone growth (m) during the final week of the study, assessed by analyzing oxytetracycline labeling of the upper growth plate of the right tibia, was correlated (r ϭ 0.462, P Ͻ 0.05) with the change in body length (mm) during the same period. Fig. 6 . The effect of different GH treatment regimens on the weights of liver, kidney, gastrocnemius muscle, and lung. GH-deficient rats were treated for 6 wk, as detailed in the legend to Fig. 1 . There were 16 animals in each group, and the weight of the liver (A), kidneys (B), gastrocnemius muscle (C), and lungs (D) harvested from each animal at the end of the study is presented as median and range. One-way analysis of variance with planned contrasts was used to assess significant (P Ͻ 0.05) differences between the groups: a GH vs. saline treatment; b variable (square-wave and random) vs. fixed GH dose; c random vs. fixed GH dose; d square-wave vs. fixed GH dose; e random vs. square-wave GH dose. studies of the dw/dw rat have shown that the plasma concentration of both insulin and glucose in nonfasted animals administered with GH is similar to that of untreated rats (50) and that GH treatment does not have any effect on in vitro insulin stimulation of glucose transport in skeletal muscle (13) . These findings are in keeping with clinical studies of patients with GH deficiency in which insulin resistance induced by short-term GH therapy is decreased by chronic treatment (19, 37, 45) .
Short-term (9-day) administration of GH at a fixed daily dose has been reported to have no effect on organ weight of dw/dw rats (52) . However, similar treatment of the spontaneous dwarf rat increased the weight of the liver, lungs, and kidneys but not the heart (21). In our study, prolonged (6-wk) treatment with GH also led to an increase in the weight of liver and kidney, and, like other studies, the weight of the heart was unaffected. However, the weight of the lungs appeared to be lower in GH-treated rats, although further statistical analysis demonstrated that this could be explained by the effect of the square-wave pattern of GH administration. Lung growth in the rat is thought to be relatively independent of pituitary function (30) . However, GH is known to stimulate the production of IGFBP-2 by rat lung (3). In our study, the square-wave mode of GH delivery promoted the greatest increase in serum IGFBP-2, and if this effect was mirrored in lung, it is possible that the reduced lung weight of animals treated with the square-wave GH dose regimen reflects reduced IGF-I bioavailability, as numerous studies have demonstrated the importance of IGF-I for lung development and growth (52a). GH treatment also increased the weight of gastrocnemius muscle, which is in keeping with the findings of previous studies on the administration of GH to hypophysectomized rats (17) . Interestingly, both of the variable GH dose regimens were more effective than treatment with a fixed dose.
Previous studies of dw/dw rats have shown that GH therapy promotes longitudinal bone growth (52) , and in the current study also, the lengths of both the femur and tibia were increased significantly in animals receiving GH compared with saline-treated rats. Moreover, femur length was greatest in animals treated with the variable GH-dosing schedules, suggesting that the pattern of GH delivery can influence this growth parameter. Tibial length was not affected by mode of GH administration, but this may reflect the relative maturity of this bone, as studies of craniofacial development in GHdeficient dwarf rats suggest that the effect of GH deficiency and also the outcome of GH therapy depend on the amount of growth remaining for a particular bone (51) . Other researchers have noted disparities in the response of the femur and tibia to different GH treatment regimens; treatment of growth hormone-releasing hormone-knockout mice with one dose of GH/day normalized (compared with wild-type animals) both tibia and femur length. However, when the null animals were treated with two GH injections/ day (same overall dose), only the length of the femur was significantly greater than that of wild-type mice (1a) . Bone-tobone variation in responsiveness to GH has also been observed in hypophysectomized rats, where the effect of GH on the expression of IGF-I and a number of bone markers differs between the femur and humerus (6) .
In humans, the length of the long bones is an important determinant of height, whereas in rats, length (nose to anus) is dependent on the axial skeleton and skull, which may explain why treatment with the relatively low dose of GH used in this 1Increased compared with control;
2decreased compared with control;
ϭno difference compared with control. #GH-deficient rats were treated with either 1) 0.9% saline (control) or 2) 700 g of rbGH, administered as detailed in the legend to Fig. 1 .
‫ء‬See text for details of the specific effect caused by each mode of GH administration.
study had no significant effect on length. Length measurements are also likely to be affected, at least to a degree, by muscle tone and strength. The latter is likely to be lower in the saline-treated animals compared with GH-treated animals. This may have contributed to the greater variability in the measurements of length recorded for these animals. There was also no significant difference between the final weight of animals treated with GH and those administered with saline, although gain in weight over the study was greater in GH-treated animals. In rats, feeding behavior is thought to be related to ghrelin production by the stomach (56) rather than the endogenous GH profile (54) . Indeed, the intake of food by dw/dw rats is normal (15) ; because chronic GH administration does not affect ghrelin production (15) , it is unlikely that, in our study, food intake by the GH-treated animals would be different from that of the control rats, although this parameter was not assessed directly. Other studies of the dw/dw rat have reported an increase in body weight following GH treatment; however, these studies were performed over relatively short time periods (Ͻ14 days; Table 3 ). Indeed, we also noted a GH-induced increase in body weight during the first week of our study, and so it is possible that our finding of similar final weights reflects increased subcutaneous lipolysis in response to prolonged GH treatment.
The effect of GH treatment over 6 wk on the length, and in fact many other growth parameters, of dw/dw rats has not been reported (Table 3 ). We do recognize that initiation of GH treatment in dw/dw rats at 6 wk of age may not provide the optimum model for studying every aspect of GH action. Nevertheless, our study is the first to perform such a comprehensive analysis of growth parameters within a single model of GH deficiency and highlights the differing tissue and molecular sensitivity to GH treatment.
One possible explanation for the overall lack of effect of GH on length could be due to the development of antibodies to the bovine GH used in our study. However, previous studies have shown that bovine GH has a similar antigenicity to rat GH (34) , and it does not induce anti-bovine GH antibodies after infusion of a relatively high dose of bovine GH, 250 g · day Ϫ1 · rat Ϫ1 over 14 days (9) . Additionally, GH was shown to have a number of significant effects on other end points, such as femur length and organ weight. We consider that this makes the production of anti-GH antibodies attenuating GH action over the course of our study most unlikely.
In summary, we have shown for the first time that introducing an element of variability to even relatively low-dose GH treatment schedules can enhance outcomes since muscle, kidney, and bone growth were all improved by regimens designed to mimic important features (week-to-week variation, dose-to-dose variation, and irregularity) of endogenous secretion compared with administration of the same amount of GH via a fixed daily dose. The differential responses to variable GH dosing (no effect on serum IGF-I but marked effect on muscle weight) indicate that infradian patterns in GH secretion are likely to influence tissue sensitivity to GH. This has important implications to the design of long-acting GH preparations, where the serum profile over the week after administration is very different from the pattern of endogenous GH secretion (38) , especially since STAT5b is desensitized following chronic exposure to GH (11).
Fixed-dose GH is a very successful treatment for GH deficiency, but long-term growth responses to GH are highly variable in non-GH-deficient conditions. Data obtained in the current study demonstrate that altering the method of delivering the same amount of GH influences several aspects of GH function, although the additional benefit gained from variable vs. fixed GH regimens, in actual terms, was modest. Indeed, it would be unrealistic to expect a very large difference. Our findings suggest that if relative gains were sustained in response to GH treatment throughout childhood and adolescence, implementing a variable GH treatment regimen could translate into a very useful increase in growth (of the order of several cm) over a child's growing years. Therefore, we feel that clinical investigations to assess the impact of modifying fixed-dose GH treatment regimens are warranted.
